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ABSTRACT
Streams play an important role in a solute transport through a stream network. Transient
storage is one of the important processes that control mass exchange between a main stream and
transient storage zones because of increase in the residence time of solute. In order to take
account of the effect of transient storage on solute transport in streams, a variable residence time
(VART) model was developed. The model is characterized by several features: (1) actual varying
residence time was used, (2) no-user specified residence time distributions (RTD) were required,
(3) less calibration parameters were involved as compared to existing models, and (4) production
of various types of RTDs such as power-law, lognormal, and exponential distributions for an
instantaneous release of solute. Comparisons between the VART model and some existing solute
transport models using tracer concentration data measured in 33 streams show that the VART
model is capable of reproducing exponential, power-law, and lognormal RTDs observed in
streams with the accuracy higher than or at least comparable to existing solute transport models.
In addition, the results show that stream channel size affects the type of breakthrough curves
(BTCs). The BTCs switch from the upwardly curving VART − +U and VART − 0U to a straight
line (VART − -P) and further to the downwardly curving VART − -L distributions with
increasing flow depth. Large rivers generally exhibit VART − -L distributions. Small streams
commonly display either the upwardly curving (VART − +U and VART − 0U) distributions or
VART − -P distributions. Moderate rivers may exhibit any types of VART series distributions.
The application of VART model to the Upper Amite River shows that the VART model provides
a simple yet effective tool for predicting solute dispersion and transport in natural streams and
rivers. The VART model also provides a potential tool for estimating nutrient retention in the
Amite River and other natural streams.
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CHAPTER 1. INTORDUCTION

1.1 Background
Nutrient inputs to the Gulf of Mexico have increased significantly since the 20th century
(Goolsby and Battaglin, 1995; Turner and Rabalais, 1991). Introduction of excess river-borne
nutrients (primarily nitrogen and phosphate) can exacerbate surface water eutrophication, favor
harmful algal blooms, aggravate oxygen depletion, and alter marine food webs, reducing the
abundance of recreationally and commercially important fisheries. Although transport of
nitrogen by the Mississippi and Atchafalaya Rivers has been recognized as the primary driving
force of the growing hypoxic zone in the shallow waters of the Louisiana shelf in the Northern
Gulf of Mexico (Rabalais et al., 2002; Justic et al., 1994), little is actually known about in-stream
processes of nitrogen retention that could remove up to 50 percent of the inorganic nitrogen
during passage through a stream network (Peterson et al., 2001; Stream Solute Workshop,
1990). As a result, streams and rivers are treated more like gutters that simply carry nitrogen to
lakes, rivers and oceans. No consideration is given to the net effect of in-stream nitrogen
retention on the TMDL (Total Maximum Daily Load) development and implementation
(Aguillard and Duerr, 2006) and thereby on coastal restoration. The reason for this is not that instream processes are unimportant, but rather that our understanding of solute transport in streams
is very limited.
The solute transport in natural streams is influenced by various physical and
biogeochemical processes. Physical transport represents a mass transport by water movement
which is determined by advection and diffusion processes. Biogeochemical processes explain
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chemical and biological reactions of nutrients and pollutants. These physical and biogeochemical
processes are complexly linked and cannot be considered separately.
Solute transport in streams is also affected by transient storage which is defined as the
movement of pollutant materials from a main stream into temporary storage zones and the
subsequent movement of pollutant materials back to the main stream (Runkel et al., 2003).
Transient storage occurs as a result of two mechanisms: (1) surface storage (in-channel storage),
mass exchange between a main stream and in-channel dead zones like side pools or eddies, (2)
hyporheic exchange, mass exchange between a main channel and hyporheic zone which is a
region beneath and lateral to stream bed, where there is mixing of shallow groundwater and
surface water (Gooseff et al., 2005). Many studies have suggested that transient storage is
important to understanding the transport and fate of non-conservative materials within stream
because the transient storage increases the residence time of solutes in the stream, resulting in
increase in the opportunity for solutes to interact with various processes (Triska et al., 1993;
DeAngelis et al., 1995; Findlay, 1995; McMahon & Böhlke, 1996; Mulholland et al., 1997).
In order to understand the effect of transient storage in natural streams, various studies
have been conducted (Thackston and Schnelle, 1970; Day, 1975; Valentine and Wood, 1977;
Nepf, 1997; Hunt, 1999; Choi et al., 2000; Uijttewaal et al., 2001; Deng et al., 2004; Deng et al.,
2006). The studies have resulted in a number of useful mathematical models for simulation of
solute transport in natural streams. One of the most popular models over the past decades is the
TSM (transient storage model)/OTIS (One-dimensional Transport with Inflow and Storage)
(Nordin and Troutman, 1980; Bencala and Walters, 1983; Runkel, 1998; Schmid, 2002).
∂ 2 C As 1
∂C
∂C
+U
= Ks
+
(C s − C )
∂t
∂x
A Tc
∂x 2

for a main stream
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(2-1a)

∂C s 1
= (C − C s )
∂t Tc

for transient storage zones

(2-1b)

where C = solute concentration in main channel; CS = solute concentration in storage zones; TC =
mean residence time of solute in storage zones; KS = longitudinal Fickian dispersion coefficient
excluding the transient storage effect; A = cross-sectional flow area of main channel; AS = crosssectional area of transient storage zones; AS/A = ratio of transient storage zone volume per unit
length to main stream volume per unit length. However, the TSM/OTIS produces exponential
residence time distribution (RTD) ignoring the late-time portions of the breakthrough curve
(Harvey et al., 1996; Gooseff et al., 2005). In addition, a single mean residence time is used for
representing the physical transport effect on nonconservative materials in the models. Such a
representation of single residence time neglects the variability and distribution of actual instream residence time due to diffuse nitrogen input along a stream network and heterogeneity of
natural streams. Lindgren and Destouni (2004) showed that use of a single residence time may
lead to considerable underestimation of model-calibrated in-stream nitrogen attenuation.
In order to consider the long-tailed transient storage effect, STAMMT-L model was used
by Haggerty et al. (2002) and Gooseff et al. (2007), which considers a convolution of the
hyporheic memory function (g*(t)) with solute concentration in the stream channel.

∂C
∂C
∂ 2C
∂
+U
= Ks
− β tot ∫ C (t ) g * (t − τ )dτ
2
∂t 0
∂t
∂x
∂x
t

(2-2a)

α

max
(k − 2)
g * (t ) = k − 2
α k − 2 e −αt dα
k −2
∫
(α max − α min ) α min

for power-law RTDs

(2-2b)

g * (t ) = αe −αt

for exponential RTDs

(2-2c)

The STAMMT-L model is found to be able to reproduce a much better fitting to heavytailed breakthrough curves (BTC) than the TSM. Another model, called ASP model, involving
3

the application of user-specified RTDs is proposed by Wörman et al. (2002) and this model is
based on the advective pumping exchange mechanism.
1 ∂ ( AUC )
∂C
∂ 2C
+
= Ks
+ Js
∂x
∂t AT
∂x 2

(2-3a)

∞

Js =

1
P
f (T ) ξ (−VZ (τ , T ) |τ =0 C + VZ (τ , T ) g d |τ =T )dT
∫
20
A

(2-3b)

where g is solute mass per unit volume of water in the hyporheic zone, f(T) is a user specified
probability density function (PDF) of the total residence time T, AT is the cross-sectional area of
the main stream including side pockets. A lognormal PDF is found to be the best fit to the solute
transport in the Säva Brook, Sweden.
Boano et al. (2007) introduced a continuous time random walk (CTRW)-based model
containing a memory function depending on the residence time distribution. A major advantage
of the CTRW model is that it allows the incorporation of a wide range of RTDs representing
effects of different processes and heterogeneity in channel bed forms and sediments on
hyporheic exchange. However, this model required more parameter values (such as exchange
rate, bed form height, wavelength-to-height ratio, and bed sediment porosity) in addition to the
parameters such as dispersion coefficient and flow velocity which are commonly involved in any
other models. Basically, the models requiring a user specified RTD function only reproduce the
type of RTD specified by the user. In order to postulate an appropriate RTD, the user must either
have measured BTCs or know the RTD in advance of solute transport tests. Therefore, this type
of models may not be applicable to the streams where the RTD is unknown or different from the
commonly assumed distributions such as power-law and exponential RTDs. This type of models
may also restrict the finding of new and unknown RTDs because a prespecified RTD may blur
some mechanisms or processes that are responsible for the formation of measured RTDs.
4

The overall goal of this study is to develop a simple yet effective modeling tool that is
physically based and can be generally applied to predict various known and unknown residence
time distributions occurring in natural streams without using any user-specified RTD functions.
1.2 Study Area
The Amite River is located in southeastern Louisiana (Figure 1.1) and its watershed
covers roughly 2000 km2 (Mossa and McLean, 1997). The Amite River flows generally
southwestward to Lake Maurepas, Lake Pontchartrain, and the Gulf of Mexico. The Amite River
is the east boundary of East Baton Rouge and most wastewater from the parish drains into the
Amite River because an extensive levee system along the Mississippi River limits drainage from
East Baton Rouge Parish into the Mississippi River (Frederick, 2003). Forest (about 60 %) and
agricultural area (25 %) are main land-use types in the Amite River watershed (Table 1.1).
Urban area is only 6% in Amite River, which is usually concentrated on East Baton Rouge parish.

Table 1.1. Land use information in the Amite River watershed.
Land Use
Area (ha)
Open Water
11967
Urban
34176
Forest
334079
Grassland
2780
Agriculture
138671
Wetland
34594
Others
4613
Total
560879

Percent (%)
2.1
6.1
59.6
0.5
24.7
6.2
0.8
100.0

Especially, the upper reaches of Amite River watershed are characterized by forest, rural area
and sand and gravel mining as the major industries. The bottom slope of the upper reaches is
relatively steep. The bed of the river is mainly composed of medium to coarse sands with some
gravel. The bank of the stream consists of extremely fine silt material with large quantities of
sand deposited on the banks and overbanks in the mined areas (USACE, 2000).
5

Figure 1.1. Amite River watershed.
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Xu and Wu (2006) found that the discharge from the Amite River watershed increased
significantly over a 60 year period because of fast urbanization in the watershed (Figure 1.2). Wu
and Xu (2007) have found out that more than 80% of the variation in annual runoff was
explained by changes in annual precipitation. They also estimated that a 1% increase in annual
precipitation would result in a 3.8% increase in annual runoff in the Amite River. It is yet not
fully understood how the change in watershed had contributed to the change in the river flow.
February has the highest recorded average flow rate of about120 m3/s and October has the
minimum flow of 28 m3/s (Figure 1.3). The Comite River is the principle tributary of the Amite
River with a mean discharge of 13 m3/s.

Figure 1.2. Annual mean flow at Denham Springs.

As Xu and Wu (2006) mentioned above, the fast urbanization in the Amite River
watershed may increase nutrient loading into the Amite River because pollutant materials either
dissolved in runoff or associated with sediment are washed off and delivered into water bodies
7

(Tong, 1990; Basnyat et al., 1999; Tong and Chen, 2002; Tang et al, 2005). Day et al. (2004)
reported that nitrate and ammonium concentrations in Amite River region were higher than other
regions around Maurepas swamp basin. Most part of total nitrogen loading from the Amite River
consists of organic nitrogen. Ismail et al. (1998) found that low dissolved oxygen concentrations
(< 5 mg/l) were found in the downstream stations of the Amite River during summer periods.
Smith (1994) reported a significant increase in concentrations of lead and total dissolved solids
from the Amite River through an analysis of five year water quality data (1986 to1991).

Figure 1.3. Monthly mean flows at Denham Springs.

1.3 Goal and Objectives
The overall goal of this study is to characterize the solute transport processes by
considering mass conservation and thereby to develop a mathematical model for predicting
solute transport in natural streams.
The specific objectives are:
8

1. To develop a variable residence time (VART)-based model for predicting solute
transport in natural river systems.
2. To compare the VART model with existing models involving transient storage effect
in natural streams.
3. To estimate the parameters involved in the VART model.
4. To apply the VART model in the upper Amite River.
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CHAPTER 2. VARIABLE RESIDENCE TIME (VART) BASED
MODEL FOR SOLUTE TRANSPORT IN STREAMS

2.1 Introduction
Many studies show that the solute exchange between main stream water and upper
sediment layers including in-channel dead zones is advection-dominated while solute transport in
lower sediment layers is diffusion-dominated. Bencala and Walters (1983) stated that solute is
uniformly and instantaneously distributed throughout the transient storage zones which are
located behind protruding logs, boulders, and vegetation in shallows, along the edges of slowly
moving pools, and in the thick gravels and cobble beds of swift riffles. Based on laboratory dyetrace experiments and model results, Thibodeaux and Boyle (1987) found that flow over
bedforms consisting of gravel sediments induces additional pressure imbalances which generate
significant and complex convection currents within porous upper bed sediment. Using a bed
form-based Peclet number equation, they also predicted that the chemical transport by
convection dominates in upper sediment layers in the Louisiana Mississippi River and Egyptian
Nile River. A similar result was obtained for the Louisiana Red River upper sediment layers by
Savant et al. (1987). Elliott and Brooks (1997) conducted a series of laboratory experiments on
the transfer of nonsorbing solutes to a streambed with bed forms and concluded that the solute
penetration is dominated by advective transfer rather than diffusion. Wörman et al. (2002) stated
that more than 90% of the observed transient storage occurred due to exchange with the
streambed and advective pumping flows dominated the hyporheic exchange in Säva Brook,
Sweden.
It seems that the effect of diffusion on solute transfer between main stream and bed
sediments is negligible. However, experimental results of Elliott and Brooks (1997) showed that
10

there were strong concentration gradients due to diffusion in the lower layers of bed sediments,
as shown in Figure 2.1. The figure indicates that the advective transport only dominates the top 3
cm sediment layer and the lower/deep sediment layer is diffusion dominated. Thibodeaux and
Boyle (1987) also pointed out that in-bed porewater velocities were highest through the wavepeak zone and decreased downward and dispersive processes caused the plume to fade on the
longer trajectories. It implies that the upper sediment layer is advection-dominated and the lower
and deep sediment layers are diffusion-dominated.

Figure 2.1. Vertical profiles showing strong concentration gradients in bottom sediment layers
(Elliott and Brooks, 1997).

Based on the above-mentioned results two types of transient storage zones are proposed
for natural streams. The first type is advection-dominated and it consists of the upper sediment
layer of channel bed sediment and in-channel dead zones. The definitions provided by Bencala
11

and Walters (1983) and Packman and Bencala (2000) best describe the advection-dominated
transient storage zone in which waters are well-mixed, but not transported downstream. There is
no net gain of water in the subsurface. The second type of storage zone is diffusion-dominated
and is composed of lower bed sediment layers. The “diffusion dominated” means that there is a
concentration gradient with the highest concentration at the interface between the two types of
storage zones and the low concentration is in deeper sediments in the lower sediment layers. In
principle the diffusion-dominated storage zone can be the semi-infinite region below the
advection-dominated storage zone. However, the actual area containing the diffusive solute
depends on diffusion time and effective diffusion coefficient in sediment pore water. The size of
the diffusion-dominated storage zone is thus not a constant and it grows with time.
The overall goal of this chapter is to develop a simple yet effective modeling tool, called
VART model, that is physically based and can be generally applied to predict various known and
unknown residence time distributions occurring in natural streams without using any userspecified RTD functions. The goal can be achieved by considering the mass conservation and
fundamental processes involved in solute transport in natural streams. To that end, specific
objectives are therefore (1) to present conceptual models for describing physical
processes/mechanisms responsible for solute transport involving transient storage in streams, (2)
to develop a mathematical model (VART) based on the conceptual models and the mass
conservation principle, (3) to propose a method for numerical solution of the VART model, and
(4) to conduct a sensitivity analysis for the VART model.
2.2 Conceptual Model for Transient Storage Involving Hyporheic Exchange in Streams
Based on the definitions of the two types of transient storage zones, the conceptual
representations of the transient storage-release effect due to solute exchange between the surface

12

stream zone and the advection-dominated and diffusion dominated subsurface storage/hyporheic
zones are depicted in Figures 2.2 to 4.

qM-S >qS-

qM-S <qS-

qM-S =qS-

qS

Advection-Dominated Storage

qS

Diffusion-Dominated Storage
Figure 2.2. Conceptual longitudinal model of a stream reach with bed-form sequence showing
advection-dominated storage zone in the upper sediment layer and diffusion-dominated transient
storage zone in the lower sediment layer. Single arrows indicate advective flow directions and
pair arrows illustrate diffusive mass exchange between the two zones.

In the first (left) sand wave shown in Figure 2.2, the downwelling flow rate qM-S (the
water from the main stream flows into the advection-dominated storage/hyporheic zone) is
greater than the upwelling flow rate (qS-M) (the water from the storage zone flows into the main
stream) because a portion of the hyporheic flow qS splits from the upwelling flow qM-S and
continues to move downstream. For the second (middle) sand wave, the downwelling flow rate
(qM-S) is equal to the upwelling flow rate (qS-M). For the third (right) sand wave, the downwelling
flow rate qM-S is less than the upwelling flow rate (qS-M) because qS-M includes qM-S and the
upstream hyporheic flow qS. On average, the flow rates of downwelling (qM-S) and upwelling (qSM)

in the stream reach are identical. In terms of solute exchange between the flowing main

stream water and the hyporheic water there is no net mass release from the storage zone to the
13

stream zone during the rising period of concentration in the main stream. It means that the solute
particles retained in the storage zones will not be released until the falling period starts at the
time Tpeak or when C < CS. The minimum residence time of solute particles in the storage zone is
thus Tpeak if there is no mass loss or gain.

Surface Stream

Surface Stream

Advection

Advection
Diffusion

Diffusion
2σ

(a) Diffusion zone under a
central point source

(b) Diffusion zone under a
line source along channel

Figure 2.3. Conceptual cross-sectional model of a stream channel showing (1) two well mixed
zones: the surface stream zone and the advection-dominated storage zone (advection zone), and
(2) concentration variation in the diffusion-dominated storage zone (diffusion zone). The circular
and horizontal lines are concentration contour lines indicating concentration gradient in the
diffusion zone.

Figure 2.3 shows the development of concentration gradient in the diffusion zone under a
point source release (a) and a line source release (b). The area of the diffusion zone can be
estimated according to the normal concentration distribution due to the Fickian diffusion (Fischer
et al., 1979). In theory, the diffusion zone may extend to infinity and 95% of the total solute mass
is contained within 2σ of the centroid (σ = standard deviation of the normal distribution) (Fischer
et al., 1979). In many practical problems a simple and adequate estimate of the width of a
dispersing cloud is 4σ or 4 2 DE t S , where DE is the effective diffusion coefficient in sediment
14

porewater, which varies commonly in the range of 1.0×10-6 m2/s – 1.0×10-10 m2/s, tS is the
residence time of solute in the diffusion-dominated storage zone since solute release. The area Ad
of the semicircular diffusion zone showing in Figure 2.3(a) can be estimated as
1
1
Ad = π (2σ ) 2 = π (2 2 DE t S ) 2 = 4πDE t S
2
2

(2-4a)

The area Ad should be modified if solute is fully mixed across a channel section with a
concentration of C and in the advection-dominated storage zone with a concentration of CS. In
this case the diffusion zone is subjected to a lateral line source at the bottom of the advection
zone and a concentration gradient exists primarily in the vertical direction due to large width to
depth ratios in natural streams, as shown in Figure 2.3(b). A line source can be considered as the
combination of a series of point sources. Therefore, the vertical depths of the diffusion zones
shown in Figure 2.3(a) and 2.3(b) should be the same (2σ). The top width of the diffusion zone is
definitely dependent on the channel bottom width. Few studies on the geometry of the diffusion
zone are available. As a result, it is assumed that the area Adif of the diffusion dominated storage
zone is proportional to the area Ad with a dimensionless proportionality constant ς (≥1), i.e., Adif
= ςAd. Let DS = ςDE. Then, the area Adif can be written as
Adif = ςAd = 4πςDE t S = 4πDS t S

(2-4b)

in which DS (L2T-1) represents a channel width-modified diffusion coefficient in the diffusiondominated storage zone. It should be stressed that in reality the lateral width of the diffusion
zone may be different from the channel bottom width. The temporal variation in Adif mainly
occurs in vertical direction due to the diffusion into deep sediment layers.
Figure 2.4 defines four typical scenarios involved in the transient storage and release
processes. Figure 2.4(a) describes the storage process in the advection-dominated storage zone
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with a constant area AS = Aadv where an increasing but uniform concentration CS is maintained

Stream

CS(x,t))
(x,t)
AS(x,t)
Concentration profiles
at t = t, t-∆t, and t-2∆t

Sediment

Stream

C(x,t)

Sediment

during the rising period of stream concentration.

Stream

C(x,t)

CS(x,t)
AS(x,t)

Sediment

Stream

CSS(x,t)
AS(x,t)
Concentration profiles
at t = t, t-∆t, and t-2∆t

No diffusion zone
(b) Release process: C < CS
(b) Release
process: C < CS
AS = Aadv

(a) Storage process: C > CS
AS = Aadv

Sediment

C(x,t)

Concentration profiles
at t = t, t-∆t, and t-2∆t

(c) Release
Release process:
process: C<
C <CCSS
(c)
AS = Aadv + Adif

C(x,t)
CS(x,t)
AS(x,t)
Concentration profiles
at t = t, t-∆t, and t-2∆t

(d) Release process: C< CS
AS = Aadv - Adif

Figure 2.4. Conceptual model for transient storage and release processes at a stream section with
three zones (surface stream zone, advection-dominated storage zone, and diffusion-dominated
storage zone) showing concentration development during the rising period (a) and falling period
(b, c, d). The horizontal and vertical axes represent the concentration and vertical depth,
respectively.

There is no direct mass exchange between the main stream zone and the diffusion zone in the
storage process. Therefore, the diffusion zone exerts no effect on the main stream zone although
the solute may diffuse into the diffusion zone through the interface between the advection zone
and diffusion zone. The diffusion zone may not exist in some bedrock stream reaches (Gooseff et
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al., 2005). Figure 2.4(b) shows the release process of solute from the advection-dominated
storage zone with a constant area AS = Aadv where a decreasing but uniform concentration CS is
maintained during the falling period of stream concentration. There is no diffusion zone in bed
sediments under this scenario, leading to the exponential RTD. Figure 2.4(c) demonstrates the
release process of solute from a growing storage zone area AS characterized by a decreasing but
uniform concentration CS during the falling period of stream concentration. The transient storage
zone with the uniform concentration CS advances downward due to the release of solute from the
diffusion zone back to the advection zone and thus the area AS with the uniform concentration CS
grows with releasing time. Therefore, the minimum area with the uniform concentration CS is the
area Aadv of the advection zone alone. The maximum area with the uniform concentration CS is
the total area of the advection zone and the maximum diffusion zone Admax. During releasing
period, the area AS (= Aadv + Adif) containing the uniform concentration CS varies in the range of
Aadv ≤ AS ≤ Aadv + Admax. Figure 2.4(d) indicates the release process of solute from a shrinking
uniform concentration area AS due to the continuous diffusion of solute from the lower layer of
the advection zone into the growing diffusion zone toward the deeper bed sediment layer,
resulting in mass loss and growth of diffusion zone area (Adif) and decrease in uniform
concentration zone area AS = Aadv – Adif during the falling period of stream concentration. The
scenario (d) represents the physical mechanism responsible for the formation of lognormal and
power-law RTDs observed in natural streams.
2.3 Mathematical Model for Solute Transport in Streams: VART Model
The transient storage model (TSM) is commonly expressed into two different forms. One
form of the model is Eq. (2-1). Another form involves the area ratio A/AS in the storage zone
equation but the ratio AS/A is not included in the equation for the main stream (Bencala and
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Walters, 1983). None of the two forms were mathematically derived. It is also often criticized
that the TSM/OTIS is not based physically (Wörman et al., 2002; Zaramella et al., 2003). In
order to clarify confusions involved in applications of the TSM/OTIS and to develop a new
model, it is necessary to revisit fundamental mechanisms responsible for mass transport in a
stream system and to consider mass balance in the system. Based on the conceptual models
presented in the previous section and the mass conservation principle, the general form of
continuity equation for nonreactive solute transport in a stream can be written as [Fischer et al.,
1979]:

(

)

∂
c(x, t)d∀ + ∫ q m ( x, t ) ⋅ n dS = 0
CS
∂t ∫CV

(2-5a)

where c is the local concentration [M/L3] of solute in a control volume ∀ [L3]; qm(x,t) is mass
flux [M/T/L2], and n is the unit vector normal to surface element dS [L2]. The total mass flux
⋅

⋅

across the entire control surface CS can be expressed as the sum of efflux m o and influx m i
through all control surfaces. Then, Eq. (2-5a) can be rewritten as:
⋅
⋅
∂
c
(
x
,
t
)
d
∀
=
m
i − ∑ mo
∑
∂t ∫CV
CS
CS

(2-5b)

where the term on the left-hand side of Eq. (2-5b) represents the rate of mass accumulation in the
control volume CV-M of the main stream, as shown in Figure 2.5, and it can be defined as:
∂
∂C
c( x, t )d∀ = ( Adx)
∫
∂t CV
∂t

(2-5c)

in which dx denotes the length [L] of the control volume CV-M along the flow direction. The
second term on the right-hand side of Eq. (2-5b) denotes the total mass flux leaving CV-M
through all control surfaces, including downstream control surface CS-D and the water-sediment
interface, CS-C, between the main stream and the advection-dominated transient storage zone
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CV-A; the first term on the right-hand side of Eq. (2-5b) stands for the total mass flux entering
CV-M through all control surfaces, including upstream control surface CS-U and the control
surface CS-C, if the exchange at the water/air interface is negligible.

CS-D

CV-M

CS-U
CS-F

CS-C
CV-D

CV- A

Figure 2.5. Control volumes and control surfaces for the main stream and advection-dominated
transient storage zone and diffusion-dominated transient storage zone.

The mass fluxes through CS-U and CS-D mainly involve the fluxes due to advection and shear
flow dispersion. Therefore, the total flux [M/T] across CS-U is:
FCS −U = CUA − K S

∂C
A
∂x

(2-6)

The total flux [M/T] across CS-D can be expressed as:
FCS − D = CUA − K S

∂C
∂ 
∂C 
A +  CUA − K S
A dx
∂x
∂x 
∂x 

(2-7)

The net mass flux [M/T] through CS-U and CS-D can be obtained from Eqs. (2-6) and (2-7) as
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FCS −U − FCS − D = −

∂ (CUA)
∂ 
∂C 
dx +  K S A
dx
∂x
∂x 
∂x 

(2-8)

Since the diffusion effect becomes significant in the lower bed sediment layer and mass
exchange between the main stream and the transient storage zone in the upper sediment layer is
advection-dominated, as discussed in the previous section, the net mass flux through CS-C is
equal to the net advective mass flux and it can be expressed as:
FCS −C = C S q S − M − Cq M − S

(2-9a)

where qS-M and qM-S are the flow rate [L3/T] entering the main stream from the storage zone and
the flow rate entering the storage zone from the main stream, respectively. It is assumed that
solute is uniformly and instantaneously distributed in the advection-dominated storage zone with
a concentration CS. The flow rates entering and leaving the control surface CS-C may not be
identical in the stream reach dx due to stream water gains or losses. The losses often occur due to
(1) the potential permanent loss of water (and solute) from any point in the stream domain (i.e.,
water that never returns to the stream), and (2) the exchange of water out of the channel, into the
subsurface that happens to bypass the stream observation point (stream water sampling location)
re-emerging at the stream at a point downstream of the stream water sampling location. In both
of these cases, there is a true mass flux out of the model domain. Likewise, a mass flux into the
computation domain or water gain may take place. Let qM-S = q [L3/T] and qS-M = q + ∆q, where
∆q denotes the water gain/loss flow rate [L3/T], ∆q < o for water loss, ∆q > o for water gain, and
∆q = o if there is no water loss and gain. Eq. (2-9a) can thus be simplified as
FCS −C = q (C S − C ) + ∆qC S

(2-9b)

The total mass fluxes across all control surfaces of CV-M can be obtained from Eqs. (2-8) and
(2-9b) as
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⋅

⋅

∑m − ∑m
i

CS

o

=−

CS

∂ (CUA)
∂ 
∂C 
dx +  K S A
dx + q (C S − C ) + ∆qC S
∂x
∂x 
∂x 

(2-9c)

Substitution of Eqs. (2-9c) and (2-5c) into Eq. (2-5b) yields
Adx

∂C ∂ (CUA)
∂ 
∂C 
dx =  K S A
+
dx + q (C S − C ) + ∆qC S
∂t
∂x
∂x 
∂x 

(2-10a)

Eq. (2-10a) can be simplified by (1) assuming a constant discharge Q = UA [L3/T] along the
stream reach dx, (2) multiplying the last term on the right-hand side of Eq. (2-10a) with the
volume ratio VS/VS of the transient storage zone with uniform concentration CS, and (3) dividing
both sides of the equation by the main stream reach volume Adx [L3] as

∆q
∂C Q ∂C 1 ∂ 
∂C  VS q
CS
+
=
(C S − C ) +
+
 KS A
Adx
∂x  Adx VS
∂t A ∂x A ∂x 

(2-10b)

with the following definitions:
VS
A dx A
= S = S
Adx
Adx
A

(2-10c)

q
1
=
VS TV

(2-10d)

in which AS and TV are the cross-section area [L2] of the transient storage zone with the uniform
concentration CS and the residence time [T] of solute in the zone, respectively. Substituting Eqs.
(2-10c) and (2-10d) into Eq. (2-10b) leads to the following equation describing solute transport
in the main stream subject to advection-dominated transient storage:

q
∂C Q ∂C 1 ∂ 
∂C  AS 1
+
=
(C S − C ) + S C S
+
 KS A
A
∂t A ∂x A ∂x 
∂x  A TV

(2-11)

where qS = ∆q/dx is water gain/loss per unit channel length [L2/T]. It is very important to
understand that the parameter AS represents the area where solute concentration CS is uniformly
distributed. During the rising period of BTC there is a concentration gradient in the diffusion21

dominated hyporheic zone with the maximum concentration located at the control surface CS-F
and solute concentration in this zone is not uniform. Hence, during the rising period the
parameter AS is equal to the advection-dominated transient storage zone area, defined as Aadv, i.e.,
AS = Aadv. It is also assumed that solute release from the advection-dominated storage zone
completes instantaneously when solute concentration in the main stream recedes after the peak.
The mass conservation equation for the transient storage zone with uniform concentration
CS can be derived by applying Eq. (2-5b) to the storage zone. The rate of mass accumulation in
the control volume CV-A can be defined as:
∂C S
∂
cd∀ = VS
∫
CV
∂t
∂t

(2-12)

The mass exchange between the upper storage zone and main stream zone is primarily caused by
the advective mass flux that can be calculated as:
⋅

⋅

∑m − ∑m
i

CS

o

= FCS −C = q (C − C S ) − ∆qC S

(2-13)

CS

It is assumed that (1) the mass flux across the control surface, CS-F, between the advectiondominated storage zone and the diffusion-dominated hyporheic/storage zone, is mainly produced
due to diffusion, and (2) the diffusion flux is very small as compared to the advection flux
described by Eq. (2-13). Substituting Eqs. (2-12) and (2-13) into Eq. (2-5b) and dividing both
sides of the equation by the volume VS of the transient storage zone results in the following mass
conservation equation describing solute transport in the transient storage zone including the
hyporheic zone:

∂C S
q
∆q
=
(C − C S ) −
CS
∂t
VS
VS

(2-14)
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where the mass transfer across the control surface CS-F is neglected. It should be pointed out
that the mass exchange between the advection-dominated storage zone and the diffusiondominated storage zone generally takes place through CS-F no matter how small the flux is,
leading to a changing transient storage area AS with a uniform concentration CS during falling
period of BTCs. Consequently, the total transient storage zone area AS is composed of two subareas: an advection-dominated area Aadv and a diffusion-dominated area Adif. The area Adif is
positive if the net mass exchange through CS-F produces an upwelling diffusive flux from the
diffusion zone to the advection zone and finally to the stream zone, increasing the uniform
concentration zone area, i.e., AS = Aadv + Adif. The area Adif is negative if a portion of solute
entering in the storage zones during the storage process becomes lost into deeper sediment layer
during releasing period due to the downwelling diffusive flux from the advection zone to the
diffusion zone through CS-F, reducing the uniform concentration zone area, i.e., AS = Aadv + Adif
where Adif < 0. Adif = 0 if there is no diffusion zone in bed sediments. Replacing the area AS in
Eq. (2-11) with Aadv + Adif , assuming A and KS are constant along the stream reach, and
substituting Eq. (2-10d) into Eq. (2-14) results in the Variable Residence Time-based (VART)
model:
q
∂ 2 C Aadv + Adif 1
∂C
∂C
= KS
+
+U
(C S − C ) + S C S
2
∂x
∂t
A
TV
A
∂x

(2-15a)

∂C S
qS
1
=
(C − C S ) −
CS
∂t
TV
Aadv + Adif

(2-15b)

Adif = 4πDS t S

(2-15c)

T
TV =  min
t

for t ≤ Tmin
for t ≥ Tmin

(Tmin ≥ 0)

(2-15d)
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0
tS = 
t - Tmin

for t ≤ Tmin

(2-15e)

for t ≥ Tmin

where C = solute concentration [M/L3] in main channel; CS = solute concentration [M/L3] in
storage zones; TV = the actual varying residence time [T] of solute; tS = the time [T] since the
solute release from the storage zone to the main stream; Tmin = the minimum mean residence time
[T] for solute to travel through the advection-dominated storage zone Aadv; KS = longitudinal
Fickian dispersion coefficient excluding the transient storage effect [L2/T]; A = cross-sectional
flow area of main channel [L2]; and AS = cross-sectional area of transient storage zones [L2]; Aadv
= area of advection-dominated transient storage zone with a uniform concentration CS; Adif =
area of diffusion-dominated transient storage zone; qh = denotes subsurface hyporheic exchangeinduced water gain/loss rate per unit channel length [L2/T] and Ch is solute concentration in the
water gains/losses, Ch = CS for water losses; qL denotes surface lateral inflow/outflow rate per
unit channel length [L2/T]; DS = the effective diffusion coefficient [L2/T] in sediment porewater
and it varies commonly in the range of 1.0×10-5 m2/s – 1.0×10-10 m2/s.
The subsurface hyporheic exchange-induced water gains (λ > 1) or losses (λ < 1) and
associated solute gains/losses will be discussed in a separate article. This paper focuses on the
scenario of λ = 1 (qh = 0). The flow velocity U, channel cross-section area A, and lateral
inflow/outflow rate qL are generally known or calculable for a given stream reach. The area Adif
can be positive, negative, or zero, depending on the three releasing scenarios defined in Figure
2.4(b), 4(c), and 4(d). The parameter Tmin is the minimum net residence time at which solute
starts releasing from the transient storage zone. The minimum residence time Tmin is usually
equal to the advection time of the peak concentration Tpeak because all solute particles entering
the storage zone during the storage or rising period of BTC continue to be in the storage zone
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until the falling period starts (C < CS) in terms of net mass exchange. Once solute starts releasing
from the storage zone after the peak the solute residence time is simply the current time since
this is when solute particles released from the storage zone is observed in the main stream. The
actual residence time TV of solute parcels trapped in storage zones may vary from the minimum
residence time, Tmin, to a very long time, depending on the size and the three releasing scenarios
described in Figure 2.4. Therefore, Tmin represents the minimum or initial residence time of the
trapped solute parcel which gets first released from storage zones. Due to the application of the
actual residence time, TV, there is no need to assume a power-law or exponential or lognormal
RTD, avoiding the use of a user-specified RTD. This is an essential advantage of the VART
model over the models requiring a user-specified RTD. It is clear from the above detailed
derivation that the second term on the right hand side of Eq. (2-15a) represents the combined
effect of the advection, dominated in the upper bed sediment layer, and the diffusion, dominated
in the lower bed sediment layer, on mass exchange between the surface stream flow and
subsurface hyporheic flow. Additional source/sink terms and/or lateral inflow term may be added
to Eq. (2-15a) if necessary. Obviously, the VART model reduces to the TSM if Adif = 0 and TV =
TC = a constant.
Therefore, there are only four parameters (KS, DS, Aadv, and Tmin) to estimate/fit in the
VART model if λ = 1. The VART model simulates two ‘layers’ of hyporheic exchange - one that
is shallow (i.e., in strong communication with the channel), assumed to be well-mixed,
representative of the advective exchange portion of hyporheic zones, and a second layer that is
only in communication with the first (and not the channel, in most cases) and is subject to
diffusive exchange. Thus, a ‘double layer’ conceptual model is implemented.
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2.4 Numerical Solution of VART Model
A split-operator method is utilized to split Eq. (2-15) into a pure advection equation and a
dispersion equation with the transient storage term. The pure advection process in Eq. (2-15a)
can be simulated by the following hyperbolic sub-equation:
∂C
∂C
+U
= 0 , t ∈ (tn, tn+1/2)
∂t
∂x

(2-16)

Eq. (2-16) can be solved using the Semi-Lagrangian (SL) approach (Deng et al., 2006). The
dispersion and transient storage-release processes in Eq. (2-15a) can be simulated by the
following sub-equation:
q
∂C
∂ 2C R
= KS
+
(λC S − C ) + L (C L − C ) ,
2
∂t
TV
A
∂x

t ∈ (tn+1/2, tn+1)

(2-17)

in which R = AS/A = (Aadv + Adif)/A = the ratio of transient storage zone area with the uniform
concentration CS to main stream area. The dispersion sub-equation in conjunction with Eqs. (215b) - (2-15e) can be solved using an implicit finite-difference method. Using the forward time
scheme and the fully implicit F.3 central finite-difference scheme presented by Deng et al.
(2004), Eq. (2-17) can be discretized as follows:
 C Sn +i 1 + C Sn +i 1 2 C in +1 + C in +1 2
C in +1 − C in +1 2
KS
n +1
n +1
n +1
λ
+
R
ε
−
C
C
C
=
−
+
2
i +1
i
i −1

∆t 2
2
2
(∆x) 2


(

)

 C Ln +i 1 + C Ln +i 1 2 C in +1 + C in +1 2
−
2
2


µ 


+








(2-18)

where ε = 1/TV and µ = qL/A are introduced. Eq. (2-15b) is discretized as
 C in +1 + C in +1 2 C Sn +i 1 + C Sn +i 1 2
C Sn +i 1 − C Sn +i 1 2
= ε 
−
2
2
∆t 2



 C n +1 + C hin +1 2 C Sn +i 1 + C Sn +i 1 2
 + θ  hi
−


2
2
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(2-19a)

where θ = qh/AS is introduced. From Eq. (2-19a), C Sn +i 1 can be expressed as

C

n +1
Si

=

(1 − ε∆t

(

)

(

4 − θ∆t 4 )C Sn +i 1 2 + (ε∆t 4 ) C in +1 + C in +1 2 + (θ∆t 4 ) C hin +1 + C hin +1 2
1 + ε∆t 4 + θ∆t 4

)

(2-19b)

Substitution of Eq. (2-19b) into Eq. (2-18) and rearrangement of Eq. (2-18) so that all known
quantities appear on the right-hand side and all unknown quantities appear on the left yields:
n

n

− αC in++11 + (1 + β + 2α + φ + η )C in +1 − αC in−+11 = (1 − β − φ − η )C in +1 / 2 + 2λβ C Sn +i 1 2 + ω C hi + 2η C Li

(2-20a)
where the following definitions are utilized:

α=
n

K S ∆t
µ∆t
βθ∆t
∆t
εR∆t
, β=
, φ = β (ε + θ − λε ) , η =
,ω=
,
2
4
2
4
4(1 + ε∆t / 4 + θ∆t / 4 )
2(∆x)

(

)

n

(

)

C hi = C hin +1 + C hin +1 / 2 / 2 , and C Li = C Lin +1 + C Lin +1 / 2 / 2

(2-20b)

The parameters α, β, φ, η, and ω are either known or calculable. As C Sn +i 1 2 is unknown, it is
assumed that C Sn +i 1 2 = C Sn i . Solute concentration C Lin +1 = C in +1 and C Lin +1 / 2 = C in +1 / 2 for lateral
outflow and in this case Eq. (2-20) can be reorganized. If solute concentration in lateral inflow is
zero, C Lin +1 = 0 and C Lin +1 / 2 = 0 . Otherwise, solute concentration in later inflow should be
determined in advance. Solute concentration C hin +1 = C Sin +1 and C hin +1 / 2 = C Sin +1 / 2 for water loss and
in this case Eq. (2-20) can be reorganized. If solute concentration in water gain is zero, C hin +1 = 0
and C hin +1 / 2 = 0 . Otherwise, solute concentration in water gain should be determined in advance.
Then, all quantities appearing on the right-hand side of Eq. (2-20a) are known. Eq. (2-20a) can
be further simplified by grouping terms as
OC in++11 + PC in +1 + OC in−+11 = W n +1 / 2

(2-21a)
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where
O = −α , P = 1 + β + 2α + φ + η , and
n

n

W n +1 / 2 = (1 − β − φ − η )C in +1 / 2 + 2λβ C Sn +i 1 2 + ω C hi + 2η C Li

(2-21b)

The left-hand side of Eq. (2-21a) may be assembled into a tridiagonal matrix and solved to
provide the concentrations at the time level n+1 throughout the grid.
2.5 Sensitivity Analysis
In order to understand conditions under which a specific RTD is formed and to evaluate
the performance of the VART model in simulating solute transport in natural streams in terms of
various RTDs, the VART model without the reaction term is first employed to reproduce
lognormal and power-law RTDs. The general formula for the probability density function (PDF)
of the lognormal distribution is
f (t ) =

e − ((ln((t −θ ) / λ ))

(t − θ )µ

2

/( 2ϖ 2 ))

2π

t ≥ θ; λ, µ > 0

(2-22)

where µ is the shape parameter, θ is the location parameter, and λ is the scale parameter.
Figure 2.6 shows the fitting of the BTC (solid line) simulated using VART to the standard
lognormal PDF (circled line) with µ = 1.0, θ = 0, and λ = 1.0. Figure 2.6 just shows the falling
limb of the simulated BTC with U = 0.685 m/s, KS = 0.5 m2/s, Aadv/A = 0.34, DS/A = - 6.75×10-7
(1/s), and Tmin = 0.37 hours because the rising limb is an exponential distribution that is different
from the lognormal PDF. The root mean square error RMSE (Bard, 1974) of the fitting is 0.05.
The power-law PDF (falling limb of the BTC) shown in Figure 2.7 is actually a special
lognormal PDF defined by Eq. (2-22) with µ = 1.0, θ = 3.0, and λ = 1.0. The falling limb of the
BTC (solid line) simulated using the VART model is generated with U = 0.688 m/s, KS = 1.0
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m2/s, Aadv/A = 0.365, DS/A = -9.0×10-7 (1/s), and Tmin = 0.37 hours. The power-law distribution
can be approximated by the following regression equation:
C (t ) = 135.499t −4.2

(2-23)

The fitting of the simulated BTC (solid line) to the power-law PDF (circled line) is almost
perfect and the RMSE is 0.02.
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Figure 2.6. Comparison between the VART simulated falling BTC and the PDF of the standard
lognormal distribution.
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Figure 2.7. Comparison between the VART simulated falling BTC and the PDF of a power-law
distribution.
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Figure 2.8 demonstrates the flexibility of the VART model in producing a series of RTDs
ranging from exponential to lognormal and power-law shape and further to some new types of
upwardly curving distributions. The upwardly curving lines shown in Figure 2.8 and generated
from the VART model with 4 or 5 (including velocity U) fitting parameters look similar to the
BTCs showing in figures 4(III) and 4(IV) in Cortis et al. (2006) where a ten-parameter RTD,
equal to the weighted sum of a uniform and a power-law probability density function (PDF), was
employed. Although no any known probability distributions, such as exponential, gamma,
Weibull, lognormal, and Generalized Pareto distributions, can describe the upwardly curving
lines, all the BTCs produced using the VART model represent types of RTDs observed in field
heterogeneous conditions. For the convenience of analysis, the RTDs generated from the VART
model can be defined into five categories: (1) VART − +U, where the plus sign “+” means that
the diffusion zone area Adif is positive and the capital letter “U” denotes that the late-portion of
the BTC curves upwardly; (2) VART − 0U, where the zero “0” means that the diffusion zone
area Adif = 0 and “U” denotes again that the late-portion of the BTC curves upwardly; (3) VART
− 0E, where the zero “0” means again that the diffusion zone area Adif = 0 and “E” indicates that
the BTC possesses an exponential shape; (4) VART − -P, where the minus sign “-” means that
the diffusion zone area Adif is negative and the capital letter “P” means that the late-portion of the
BTC follows a power-law distribution; and (5) VART − -L, where the minus sign “-” means
again that the diffusion zone area Adif is negative while the capital letter “L” implies that the lateportion of the BTC follows a lognormal distribution. The last three types of RTDs have been
widely reported. The first two types of RTDs, VART − +U and VART − 0U, are the new RTDs
found due to the development of the VART model. The VART − +U distribution is produced
when the scenario in Figure 2.4(c) occurs. The VART − 0U, VART − 0E, VART − -P, and
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VART − -L distributions correspond to the scenarios shown in Figure 2.4(b), 4(b), 4(d), and 4(d),
respectively.

Table 2.1. Parameter values used for the VART series distributions in Figure 2.8.
Parameter
U (m/sec)
Ks(m2/sec)
Aadv/A
Ds/A (1/sec)
VART-+U
0.37
16.0
0.12
2.46E-8
VART—U
0.37
16.0
0.12
0
VART-0E
0.37
16.0
0.12
0
VART—P
0.37
16.0
0.12
-4.91E-8
VART—L
0.37
16.0
0.12
-3.69E-7

Tmin (hrs)
4
4
4
4
4

For simplicity, the five types of distributions are defined as VART series RTDs. Table
2.1 shows the parameter values used for the VART series distributions in Figure 2.8.
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Figure 2.8. Five types of residence time distributions produced with the VART model.

2.6 Conclusions
Based on the theoretical analyses of this study the following conclusions can be drawn:
(1) There are two types of transient storage zones in river bed sediments. The upper sediment
layer along with in-channel dead zones is advection-dominated and the lower sediment layer is
diffusion-dominated. The advection-dominated storage zone is well mixed and thus it has a
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uniform concentration. The diffusion-dominated storage zone is nonuniform generally in terms
of concentration gradient.
(2) Both advective and diffusive processes affect mass exchange between main stream and
transient storage zones. The magnitude and direction of the diffusion dominated storage zone
area are responsible for the formation of various residence time distributions observed in streams.
(3) Solute concentration breakthrough curves can be classified into five types of VART series
distributions: (1) VART − +U (diffusion zone area is positive and the late-portion of the BTC
curves upwardly), (2) VART − 0U (no diffusion zone area and the late-portion of the BTC
curves upwardly), (3) VART − 0E (no diffusion zone area and the BTC possesses an exponential
shape), (4) VART − -P (diffusion zone area is negative and the late-portion of the BTC follows a
power-law distribution), and (5) VART − -L (diffusion zone area is negative and the late-portion
of the BTC follows a lognormal distribution). These distributions are compound curves with the
early-portion following exponential residence time distributions and the late-portion being
essentially any shapes, such as power-law, lognormal, and exponential distributions, from
upwardly curving lines to a straight line and further to downwardly curving lines when plotted in
log-log coordinates.
(4) The VART model is characterized by the following features: (a) a varying residence time is
used to represent the actual solute release process from the subsurface transient storage zones to
the surface main stream; (b) no user-specified RTDs are required; (c) there are only four
parameters that need to be determined using either the eye-fitting method or an optimization
method for parameter estimation; and (d) the VART model is able to simulate any types of
concentration breakthrough curves commonly observed in natural streams using the VART
series distributions.
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(5) A Semi-Lagrangian method can be utilized for numerical solution of the VART model.
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CHAPTER 3. COMPARISON BETWEEN VART MODEL AND OTHER
TRANSIENT STORAGE MODELS

3.1 Introduction
Solute transport in streams has been found to exhibit a non-Fickian behavior due to the
mass exchange between the main stream zone and transient storage zones including in-channel
dead zones and subsurface hyporheic zone. The exchange is responsible for various physical,
chemical, and biological processes. It controls nutrient uptake and retention in streams by
increasing both residence time and the contact of nutrients with biogeochemically active surfaces
(Ensign and Doyle, 2005). The exchange can attenuate pollutants in contaminated streams
(http://toxics.usgs.gov/highlights/metals_streams.html;

Gandy

et

al.,

2007;

http://toxics.usgs.gov/definitions/natural_attenuation.html). The exchange also determines the
thermal regime of channel bed sediments (Cardenas and Wilson, 2007) and the abundance of
microbial and invertebrate communities in bed sediments (Boulton et al., 1998; Jones and
Mulholland, 2000). The non-Fickian behavior means that the conventional Fickian diffusionbased advection-dispersion equation (ADE) is no long applicable for the mathematical
description of solute dynamics in streams with transient storage effect. Over the past decades,
extensive investigations have been conducted into the physics underlying the non-Fickian
behavior

characterized

by

long-tailed

concentration

break-through

curves

(BTCs)

(http://smig.usgs.gov/SMIG/transtor_reader2.html).
Major efforts have been devoted to stream tracer experiments. The US Geological Survey
conducted nationwide dye tests in 1960s and the early 1970s on fifty-one river reaches (Nordin
and Sabol, 1974), ranging from about 300 m – 300 km and delivering flows from about 0.85 –
6820 m3/s. More recent tracer experiments were primarily performed on small to moderate
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streams to understand conditions controlling the formation of exponential (Bencala and Walters,
1983; Scott et al., 2003), power-law (Haggerty et al., 2002; Gooseff et al., 2003), and lognormal
RTDs (Wörman et al., 2002). The field tracer experiments have resulted in excellent data for
testing and comparing existing models for solute transport in streams.
The overall goal of this chapter is to evaluate the performance of the VART model
developed in chapter 2 by comparing tracer concentration breakthrough curves (BTCs) simulated
using the VART and other models against field tracer test data measured from both hydraulically
and geomorphically distinct streams. A special effort is made in this study to investigate the
effect of channel size on the development of diverse RTD patterns. The effect has rarely been
studied. The strategy is to compare the VART and other models first using the same data which
were specifically collected for testing the existing models introduced in chapter 2. Then, the
VART model will be examined using independent data collected from the streams with
significantly different channel sizes, especially large and moderate rivers. Specific objectives of
this chapter are therefore (1) to compare the VART model and some existing models such as
TSM/OTIS, ASP, and STAMMT-L model, (2) to apply the VART model to large rivers, and (3)
to apply the VART model to moderate rivers. The first objective mainly involves applications of
the VART model to small streams. The remaining objectives focus on the testing of the VART
model using dye test data gathered from large and moderate rivers.
3.2 Comparison between VART and TSM/OTIS
The first application involves a comparison between the VART model and the TSM
(Bencala and Walters, 1983) and OTIS (Runkel, 1998). Figure 3.1 shows the OTIS model
results against tracer addition data obtained from Uvas Creek, Santa Clara County, California
(Scott et al., 2003). A concentrated solution of dissolved NaCl and Sr2+ was injected into the
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creek with a slope of 0.03 and a flow discharge of 12.5 – 14.0 L/s at 50 mL/min for 3 hours. Five
sampling sites were established along the creek with the reach 1 from 0 – 38 m downstream of
the injection location, reach 2 from 38 – 105 m, reach 3 from 105 – 281 m, reach 4 from 281 –
433 m, and reach 5 from 433 – 619 m.

Figure 3.1. Cl– concentration BTCs observed (circled lines) in four sampling reaches along the
Uvas Creek and OTIS model results (solid lines) for a steady 3 hour continuous salt addition into
the stream.

Figure 3.2 shows observed concentration BTCs and the VART − 0E distributions produced from
the VART model with the diffusion zone area Adif = 0 (DS/A = 0) and TV = Tmin for any time t,
where U = cross-sectionally averaged flow velocity; KS = longitudinal Fickian dispersion
coefficient; A = cross-sectional flow area of main channel; Aadv = cross-sectional area of
advection-dominated transient storage zone; DS = modified diffusion coefficient in the diffusiondominated storage zone; and Tmin = minimum residence time.
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Figure 3.2. Cl– concentration BTCs observed (circled lines) in four sampling reaches along the
Uvas Creek and VART − 0E distributions (solid lines) for a steady 3 hour continuous salt
addition into the stream.

A comparison between the Figure 3.1 and Figure 3.2 indicates that the performance of the VART
is comparable or slightly better (for reaches 3 – 5) than that of the OTIS. Values adopted for the
corresponding parameters in the two models are also close. The OTIS model using UCODE,
optimization codes for parameter estimation, appears to produce a fit comparable to the VART
model for the reaches 2 – 4 and a slightly better fit than the VART for the last reach 5. It should
be pointed out that the TSM/OTIS included the lateral inflow qL as an additional fitting
parameter since the two models took different qL values for the same stream reach. Therefore,
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TSM/OTIS contains one more fitting parameter than VART in this case. The VART model may
incorporate the lateral inflow qL but it is neglected in this application since the effect of this term
on the simulated BTCs is small, as seen in Figure 3.2. Consequently, a slightly better fitting
achieved with the UCODE is not surprising because one less fitting parameter is used in the
VART model. Moreover, the BTCs produced using VART are not necessarily the best fitting
because no parameter estimation method like UCODE is currently available in the VART model
and thus all parameters are estimated using the eye-fitting method. The sum of squared errors, or
the root mean squared error (RMSE) (Bard, 1974; Gooseff et al., 2003), is employed as metrics
of the goodness of fit of the model to the data, as seen in Figure 3.2. In spite of the lack of a
parameter estimation program and one less parameter, Figure 3.2 clearly indicates that the
VART − 0E distributions fit to the observed data very well since the RMSEs, ranging from 0.02
– 0.06, are very small. The main difference between the VART model and the TSM/OTIS is that
the TSM/OTIS are limited to the simulation of exponential RTDs (Haggerty et al., 2002; Gooseff
et al., 2003) while the VART model is able to simulate any types of RTDs.
3.3 Comparison between VART and ASP
The second application involves a comparison between the VART model and the ASP
(Advective-Storage-Path). Figure 3.3 shows a model result against tracer addition data obtained
from the Säva Brook, Uppland County, Sweden (Wörman et al., 2002). A concentrated solution
of dissolved tritium 3H2O (conservative tracer) was continuously injected into the stream for 5.3
hours. The flow discharge in the 29.56 km long sampling reaches increased from 101 – 490 L/s.
Figure 3.4 shows a typical 3H2O concentration BTC observed at 9414 m downstream of the
injection site and the VART − -P distribution produced from the VART model. The VART − -P
BTC is generated with the combination of four parameters KS = 1.6 m2/s, DS/A = -3×10-8 (s-1),
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Aadv/A = 0.35, and Tmin = 6.28 hours. The velocity U = 0.09 m/s is calculated based on the
sampling distance of 9414 m and the time to the peak. Flow depth at the site is 1.1 m. A
comparison between the Figure 3.3 and Figure 3.4 indicates that the fitting of the VART model
is better than that of the ASP model in the peak part and comparable to the ASP model in the
remaining portion of the BTC. Wörman et al. (2002) selected a lognormal RTD function.
Obviously, the VART − -P shown in Figure 3.4 fits to the observed data better than the
lognormal distribution of Wörman et al. (2002).

Figure 3.3. 3H2O concentration BTCs observed (circled line) in the sampling reach 5434 – 9414
m along the Säva Brook and the ASP model (solid line).

In spite of the fact that both models can achieve a comparable fitting to the tail portion of BTC,
there are significant differences between the two models: (1) the ASP model needs to prespecify
a RTD function while the VART model has no such a requirement; and (2) ASP requires the
determination of over 10 parameters while the VART model uses five parameters including four
fitting parameters in this application. It should be noted that a model requiring many parameters
may have the overparameterization problem. Beven (1989) stated that three to five parameters
should be sufficient to reproduce most of the information in a hydrological record.
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Figure 3.4. 3H2O concentration BTCs observed (circled line) in the sampling reach 5434 – 9414
m along the Säva Brook and the VART − -P distribution (solid line).

3.4 Comparison between VART and STAMMT-L
The third application involves a comparison between the VART and the STAMMT-L
(Solute Transport And Multiple Mass Transfer-Linear coordinates). Figure 3.5 shows model
results against tracer injection data collected from geomorphically varied reaches in the Lookout
Creek basin, Oregon, USA (Gooseff et al., 2003). Three sampling sites were established along
the stream. The first reach, WS03, is 306.4 m long and contains large boulders and logs. The
average gradient of the reach is 0.126. Stream discharge was 27 L/s – 26 L/s. The second reach,
LO410, is 212.2 m in length and has a gradient of 0.0484. The last reach, LO411, is a braided
alluvial channel immediately downstream of LO410. The reach is 379.2 m long and has a
gradient of 0.0426. Flow discharge was 310 L/s. On April 21, 2001, 11 grams of RWT
(rhodamine WT) was instantaneously injected at the head of the WS03. On July 10, 2001, 10.4
grams of RWT was instantaneously injected into the LO411. On July 18, 2001, 75 grams of
RWT was instantaneously injected at the head of the LO410 – LO411 stream reaches. More
details about the tracer experiments can be found in Gooseff et al. (2003). RMSEs obtained from
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the STAMMT-L for the corresponding stream reaches are 0.09, 0.43, 0.13, and 0.34, respectively,
as shown in Figures 3.5.

Figure 3.5. RWT concentration BTCs observed (circled lines) in four slug-tracer injection
experiments on the Lookout Creek and the STAMMT-L model (solid lines).

Figure 3.6 shows observed concentration BTCs and VART − +U distributions. It can be seen
from the Figure 3.6 that RMSEs obtained from the VART for the stream reaches WS03, LO410,
LO411 (07/10/2001), and LO411 (07/18/2001) are 0.10, 0.16, 0.16, and 0.31, respectively. A
comparison between the RMSEs resulted from the two models indicates that in terms of this
application the performance of VART is comparable to that of STAMMT-L although the VART
produces the VART − +U distributions and the STAMMT-L used power-law RTDs. One
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common feature of VART and STAMMT-L is that both models treat the residence time as a
distribution.
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Figure 3.6. RWT concentration BTCs observed (circled lines) in four slug-tracer injection
experiments on the Lookout Creek and VART − +U distributions (solid lines).

In order to understand the difference between VART and STAMMT-L, the model results
were compared with field data collected in the Monocacy River. The field data were observed
following an instantaneously RWT injection conducted on June 7, 1968. Four sampling sites
were located at 10.30 km, 18.34 km, 26.80 km, and 34.28 km downstream of the dye injection
site, respectively. Flow discharges at the four sites are 15.574 m3/s, 15.150 m3/s, 15.857 m3/s,
and 18.548 m3/s, respectively. Flow depths at the four sites are 0.79 m, 0.95 m, not available, and
0.65 m, respectively. The recovery ratios of tracer at the four sites are 1.146, 1.122, 1.034, and
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1.252, respectively. More details about the dye experiments on the Monocacy River can be found
in the USGS report by Nordin and Sabol (1974). Figure 3.7 shows observed concentration BTCs
and VART − 0E and VART − -L distributions obtained using a single set of parameter values for
4 river reaches in series along the Monocacy River. Values of the VART parameters are U =
0.37 m/s, KS = 16 m2/s, DS/A = -7.32×10-7 (s-1), Aadv/A = 0.16, and Tmin = 4.0 hours. RMSEs of
the four VART − -L distributions are 1.99, 0.56, 0.34, and 0.59, respectively.
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Figure 3.7. RWT concentration BTCs observed (circled lines) on June 07, 1968 in four sampling
reaches in series along the Monocacy River and simulated (solid lines) using the VART model
with a single set of parameter values for an instantaneous dye addition.

Better fitting or smaller RMSEs can be achieved if different parameter values are allowed to use
for different stream reaches, as shown in Figure 3.8. The flow velocity in each river reach is
calculated using the distance from the injection site and the time to peak at each sampling site.
Other four parameters (KS, DS/A, Aadv/A, and Tmin) are determined based on the eye-fitting
method. Figure 3.6 and 7 indicate that the VART − -L distributions fit to the observed BTCs
well, implying that the observed BTCs exhibit lognormal distributions that are not defined in the
current version of STAMMT-L. In addition, STAMMT-L cannot simulate solute transport in
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multiple stream reaches in series, as shown in Figure 3.8. The VART − 0E distributions, which
are actually the same as the BTCs simulated using the TSM/OTIS, are also included in Figure
3.7 (dashed lines) but the fittings are not good as compared to the VART − -L distributions.
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Figure 3.8. BTCs observed (circled lines) on June 07, 1968 in four sampling reaches along the
Monocacy River and simulated (solid lines) using the VART model.

3.5 Application of VART Model in Large Rivers
Existing models for stream solute transport are commonly tested using tracer experiment
data collected from small sandy and gravel streams such as the Uvas Creek and Lookout Creek.
To understand the effect of channel size on the pattern of RTDs and to evaluate the performance
of VART in simulating solute transport in large rivers and clayey/silty streams, data about tracer
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injection experiments conducted on the Mississippi River, Red River, and Bayou Bartholomew
are obtained from the USGS report by Nordin and Sabol (1974).
The Mississippi River is one of the largest rivers in the world. A dye test on the
Mississippi River was performed on August 7, 1968.

Table 3.1. Parameter values used in Figure 3.9 for the Mississippi River
Parameter
Reach U (m/s) Ks (m2/s)
Aadv/A
Ds/A (1/s)
1
1.45
80.0
0.15
-4.35E-7
2
1.50
100.0
0.30
-6.82E-7
VART − -L
3
1.30
250.0
0.55
-8.09E-7
4
1.58
80.0
0.05
0.0
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Figure 3.9. RWT concentration BTCs observed (circled lines) on August 7, 1968 in four
sampling reaches in series along the Mississippi River and simulated (solid lines) using the
VART model for an instantaneous dye addition.
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Four sampling sites were located at 54.72 km (Crystal City, Missouri), 96.56 km (Genevieve,
Missouri), 117.48 km (Chester, Illinois), and 294.51 km (Cairo, Illinois) downstream of the dye
injection site, respectively, as shown in Figure 3.9. Flow discharge along the four river reaches is
6824.360 m3/s. Flow depths at the four sites are 9.24m, not available, 8.90 m, and 7.34 m,
respectively. The recovery ratios of tracer at the four sites are 0.972, 0.843, 1.113, and 0.589,
respectively. The model results compared with observed data are shown Figure 3.9. Estimates of
VART parameters for the four reaches are listed in Table 3.1.
The Red River is a tributary of the Mississippi River. A dye test on the Red River was
conducted on April 7, 1971. Four sampling sites were located at 5.74 km (Grand Ecore, LA),
75.64 km (Colfax, LA), 132.77 km (Alexandria, LA), and 193.12 km (St. HWY 115, Moncla,
LA) downstream of the dye injection site, respectively. Flow discharges at the four sites are
230.216 m3/s, 245.224 m3/s, 249.471 m3/s, and 249.471 m3/s, respectively. Flow depths at the
four sites are 4.82 m, not available, not available, and 1.62 m, respectively. The recovery ratios
of tracer at the four sites are 0.741, 0.740, 0.695, and 0.587, respectively. Values of parameters
used in producing the VART − -L distributions for the four reaches shown in Figure 3.10 are
listed in Table 3.2.

Table 3.2. Parameters values used in Figure 3.10 for the Red River
Parameter
Reach U (m/s) Ks (m2/s)
Aadv/A
Ds/A (1/s)
1
0.64
40.0
0.15
-7.24E-7
2
0.64
40.0
0.15
-4.83E-7
VART − -L
3
0.62
60.0
0.16
-1.45E-7
4
0.52
60.0
0.05
-2.41E-7

Tmin
0.34
6.10
8.60
13.62

RMSE
0.24
0.25
0.18
0.29

Figures 3.9 and 10 clearly illustrate that tracer concentration BTCs at all stations along the two
large rivers follow typical lognormal distributions except the last reach of the Mississippi River.
It appears that large rivers are able to display and maintain the same type of RTDs (VART − -L
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distributions) over a very long distance in general. Shear dispersion plays a much more important
role in controlling BTCs as compared to small streams.
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Figure 3.10. RWT concentration BTCs observed (circled lines) on April 7, 1971 in four sampling
reaches in series along the Red River and simulated (solid lines) using the VART model for an
instantaneous dye addition.

The longitudinal dispersion coefficient KS in the Mississippi and Red rivers varies from 40 – 250
m2/s while KS = 0.1 – 1.0 m2/s in small streams. No significant variation trends are found in the
two ratios (Aadv/A and Ds/A) that govern solute exchange between surface stream water and
subsurface sediment pore water. Obviously, the contribution of shear dispersion to solute
transport increases with stream size. The transient storage effect seems not enhanced or reduced
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in large rivers as compared to small streams. The large flow depth and ratio of shear flow
dispersion to transient storage may be in favor of the formation of lognormal RTDs.
Bayous are commonly found in the south and southeastern United States and
characterized by fine-grained substrates, low gradient, low flow velocity, high TDS (total
dissolved solids) and Turbidity. Bayou Bartholomew is the largest bayou in the world and home
to majestic cypress trees and extensive amounts of wildlife and fish species, making it one of the
most species-rich streams in North America. Substratum is predominantly silt and clay. The
principal source of coarse substratum is large woody debris and gravel or cobble-sized particles
from road and bridge construction. Bayou Bartholomew, flanked by wet bottomland forest,
meanders through extensive croplands. An instantaneously RWT injection was performed on
June 25, 1971 in the Bayou Bartholomew. Four sampling sites were established at Jones, Green
Grove, Beekman, and Mouth, Louisiana. The four sampling sites were located at 3.22 km, 25.75
km, 59.54 km, and 117.48 km downstream of the dye injection site, respectively. Flow
discharges at the four sites are 4.106 m3/s, 4.814 m3/s, 6.513 m3/s, and 8.099 m3/s, respectively.
Flow depths at the four sites are 1.18 m, not available, 0.73 m, and 2.07 m, respectively. The
recovery ratios of tracer at the four sites are 0.811, 0.842, 0.844, and 1.404, respectively. The
flow velocity in each river reach is calculated using the distance from the injection site and the
time to peak at each sampling site. Other four parameters (KS, DS/A, Aadv/A, and Tmin) are
determined based on the eye-fitting method. All parameters and RMSEs of the VART − -L
distributions for the four reaches shown in Figure 3.11 are listed in Table 3.3.
Silty and clayey streams like the Bayou Bartholomew are generally excluded from
studies on transient storage effect including hyporheic exchange that is commonly assumed to
occur in sandy and gravel streams. Hulbert et al. (2002) studied micrographs of fine-grained
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sediments from Louisiana bayous and found that the sediment-water interface is characterized by
great porosity and long (deep) pore-fluid pathways.

Table 3.3. Parameter values used in Figure 3.11 for the Bayou Bartholomew
Parameter
Reach U (m/s) Ks (m2/s)
Aadv/A
Ds/A (1/s)
Tmin
1
0.15
3
0.15
-7.58E-7
1.54
2
0.12
5
0.1
-2.35E-7
10.7
VART − -L
3
0.16
10
0.2
-1.61E-7
10.7
4
0.15
50
0.1
-1.79E-10
11.0

Concentration (ppb)

100

100

Reach 1: 3.2 km
Observed
VART-0E
VART--L

10
1
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0.01

0.01
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Figure 3.11. RWT concentration BTCs observed (circled lines) on June 25, 1971 in four
sampling reaches in series along the Bayou Bartholomew and simulated (solid lines) using the
VART model for an instantaneous dye addition.

It was also suggested that exchange between the pore fluid and the overlying water column
would be relatively unhindered and the permeability of the undisturbed interface would be
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relatively high. However, little is actually known about the transient storage effect of solute in
bayous. BTCs shown in Figure 3.11 reveals that the BTCs in the Bayou Bartholomew belong to
the same type of VART – -L distributions as those of the Mississippi River and Red River but
they have relatively short falling limbs or low skewness as compared to those in Figures 3.8 and
9. Average flow depth in the bayou is 1.40 m that is close to low flow depths in the Red River.
Figures 3.9 – 11 and Tables 3.1 – 3 demonstrate that the VART model is able to produce both
long-tailed BTCs, as shown in Figure 3.9, and short-tailed BTCs of the Bayou Bartholomew. It
implies that the VART model includes the basic mechanisms controlling the formation of both
highly skewed and less skewed BTCs. More efforts are needed in investigating solute exchange
between river water and bed sediments in bayous and clayey/silty rivers and thus understanding
the less skewed BTCs.
3.6 Application of VART Model in Moderate Rivers
In order to understand solute transport dynamics in rivers of moderate size and the
performance of the VART model in such rivers, data of tracer experiments, conducted on the
Tickfau River and Tangipahoa River, Louisiana, are gathered from the USGS report by Nordin
and Sabol (1974). The two rivers are located in the Lake Pontchartrain River Basin. The
Tangipahoa River begins as an upland stream in Mississippi and flows southeastward for 127 km
from the Mississippi-Louisiana state line through Tangipahoa Parish into Lake Pontchartrain. As
it makes its way southward it flows through rolling hills where it has a sand and gravel substrate.
South of Highway 190 the characteristics of the river change to those of a lowland stream where
flat land levels off, substratum is silt and clay, and the water becomes sluggish, curved, and often
muddy. The dye test on the Tangipahoa River was conducted on September 15, 1969. Four of
seven sampling sites were located at 8.21 km (Kentwood, LA), 41.52 km (Amite, LA), 70.97 km
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(Natalbany, LA), and 93.98 km (Ponchatula, LA) downstream of the dye injection site,
respectively. Flow discharges at the four sites are 3.455 m3/s, 6.938 m3/s, 8.608 m3/s, and 10.845
m3/s, respectively.

Table 3.4. Parameter values used in Figure 3.12 for the Tangipahoa River
Parameter
Reach U (m/s) Ks (m2/s)
Aadv/A
Ds/A (1/s)
1
0.17
3.0
0.2
-4.29E-7
2
0.29
20.0
0.2
-2.43E-7
VART − -P
3
0.32
8.0
0.5
-1.46E-6
4
0.28
8.0
0.3
-1.72E-5

Concentration (ppb)

100
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Figure 3.12. RWT concentration BTCs observed (circled lines) on September 15, 1969 in four
sampling reaches in series along the Tangipahoa River and simulated (solid lines) using the
VART model for an instantaneous dye addition.
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Flow depths at the four sites are 0.49 m, not available, 0.46 m, and 0.76 m, respectively. Average
flow depth in the sampling reaches is 0.52 m. The recovery ratios of tracer at the four sites are
1.023, 0.802, 0.741, and 0.696, respectively. The remaining three sites are not included because
they are very close to the last three sites. It should be noted that a lateral inflow term should be
added in the VART model in principle since flow discharge increases significantly along the
river due to later inflows and groundwater discharge. However, the lateral inflow term is
neglected again in order to reduce the number of model parameters. To take account of the
lateral inflow effect all parameters are determined by fitting simulated BTCs to the measured
ones. Estimated parameter values for the VART − -P distributions shown in Figure 3.12 and
RMSEs are listed in Table 3.4.
The Tickfau (Tickfaw) River originates in Southern Mississippi and flows southeastward
from the Mississippi-Louisiana state line through St. Helena and Livingston Parishes, Louisiana
and eventually empties into Lake Maurepas. The scenic portion of the stream, approximately 68
miles long, flows southward through flat, alluvial bottomland with seepage from ground water
aquifers sustaining the flow. Substratum variation is similar to that of the Tangipahoa River. The
dye test on the Tickfau River was conducted on October 8, 1968 within the scenic portion. Four
sampling sites were located at 6.44 km (Montpellier at Highway 16, LA), 22.53 km (Camp
above Starns Bridge, LA), 38.62 km (Holden, LA), and 49.89 km (Springville, LA) downstream
of the dye injection site, respectively. Flow discharges at the four sites are 2.039 m3/s, 2.237 m3/s,
1.869 m3/s, and 2.917 m3/s, respectively. Flow depths at the four sites are 0.43 m, 0.80 m, 0.54 m,
and 1.04 m, respectively. Average flow depth in the sampling reaches is 0.70 m that is greater
than that of the Tangipahoa River (0.52 m), resulting different types of RTDs in the two rivers.
The recovery ratios of tracer at the four sites are 0.829, 0.764, 0.560, and 0.781, respectively.
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Estimates of parameters for the VART series distributions shown in Figure 3.13 and RMSEs are
listed in Table 3.5.

Table 3.5. Parameter values used in Figure 3.13 for the Tickfau River
Parameter
Reach U (m/s) Ks (m2/s)
Aadv/A
Ds/A (1/s)
1
0.17
3.0
0.1
-2.17E-7
2
0.11
3.0
0.1
-4.83E-7
VART − -L
3
0.14
2.0
0.1
-1.45E-7
4
0.17
10.0
0.2
-2.41E-7

Concentration (ppb)

100

100

Reach 1: 6.4 km
Observed
VART-0E
VART--L

10
1

0.01

0.01

Concentration (ppb)

100

40 45 50 55 60 65 70 75 80

10 15 20 25 30 35 40
100

Reach 3: 38.6 km

10

10

1

1

0.1

0.1

0.01

0.01
70

80

90
100
Time (hours)

110

Reach 2: 22.5 km

1
0.1

5

RMSE
0.26
0.32
0.23
0.26

10

0.1

0

Tmin
3.0
9.1
16.1
10.2

120

Reach 4: 49.9 km

80

90

100 110 120
Time (hours)

130

140

Figure 3.13. RWT concentration BTCs observed (circled lines) on October 8, 1968 in four
sampling reaches in series along the Tickfau River and VART − -L distributions (solid lines)
simulated using the VART model for an instantaneous dye addition.

Unlike large rivers which display lognormal distributions in general, moderate rivers may show
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different RTDs even along the same river. Most reaches of the Tickfau River exhibits typical
lognormal RTDs or VART − -L distributions, as seen in Figure 3.13 and Table 3.5. The first
(upper) reach of the river can also be fitted using a VART − -P distribution with RMSE = 0.37,
as shown in Figure 3.14. The RTDs showing in Figure 3.12 and Table 3.4 for the Tangipahoa
River belong to VART − -P distributions which are actually special case of VART − -L
distributions.

Concentration (ppb)

100

Reach 1: 6.4 km
Observed
VART-0E
VART--P

10
1
0.1

0.01
1

2

5

10

20

50

Figure 3.14. RWT concentration BTC observed (circled lines) on October 8, 1968 in the upper
reach of the Tickfau River and the VART − -P distribution (solid lines).

3.7 Conclusions
Based on the applications of VART model in 33 diverse stream reaches and the
comparisons of VART model with several existing solute transport models the following
conclusions can be drawn:
(1) The VART model is able to reproduce exponential, power-law, and lognormal residence time
distributions observed in streams with 3 – 4 fitting parameters and achieving the root mean
square errors comparable to other solute transport models that commonly utilize 5 or more fitting
parameters and require a user-specified residence time distribution function. In addition, the
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VART model is also able to generate upwardly curving RTDs that often occur in small streams.
The application of VART model is as simple as the popular TSM but it is much more powerful
than TSM due to the diverse VART series RTDs. The TSM is a special case of the VART model.
(2) Due to the adoption of the actual varying residence time TV the VART model is able to
simulate any types of observed residence time distributions without using user-specified
residence time distribution functions, demonstrating that the VART model contains main
physical mechanisms/processes responsible for solute transport in natural streams. Therefore, the
conceptual models along with hypotheses presented in chapter 2 are reasonable.
(3) Stream channel size affects the pattern of residence time distributions. The RTDs switch from
the upwardly curving VART − +U and VART − 0U to a straight line (VART − -P) and further to
the downwardly curving VART − -L with increasing flow depth. Large rivers generally exhibit
VART − -L distributions. Small streams commonly display either the upwardly curving (VART
− +U and VART − 0U) distributions or VART − -P distribution if a diffusion zone can be formed.
Moderate rivers may exhibit any types of VART series distributions. In general, RTDs may
change from the upwardly curving VART − +U and VART − 0U upstream to VART − -P and
further to downwardly curving VART − -L along a long stream but the reverse change is
unlikely to occur with increasing flow depth.
(4) The efficacy of VART model has been confirmed through the reproduction of solute
concentration BTCs observed in 33 streams with a wide spectrum of spatial and temporal scales
and diverse hydraulic and geomorphic properties. Therefore, the VART model can be applied
not only to small and moderate streams but also to large rivers and bayous. The model can be
extended to include lateral inflow/outflow and reaction effects. The VART model is a simple yet
effective tool for predicting solute dispersion and transport in natural streams and rivers.
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CHAPTER 4. PARAMETER ESTIAMTION OF THE VART MODEL

4.1 Introduction
The VART model developed in Chapter 2 involves five parameters, including flow
velocity U, longitudinal dispersion coefficient KS, area ratios Adif /A and Aadv /A, and variable
residence time TV. Practical applications of the VART model require the determination of the
parameters. Flow velocity is often available or calculable based on flow discharge and channel
dimensions. The longitudinal dispersion coefficient KS can be calculated using the following
equation presented by Deng et al. (2001):
KS
0.01Ψ  B 
=
 
Hu*
8ε t 0  H 

5/3

U 
 
 u* 

2

(4-1)

where u* = shear velocity, εt0 = transverse mixing coefficient, B = surface width of flow, H =
cross-sectional averaged flow depth, and ψ = 1 was theoretically derived but ψ = 15 was actually
recommended to take account of the influence of transient storage zones in natural streams on
the longitudinal dispersion. ψ = 1 should be employed in the VART model because the effect of
transient storage is described by the second term on the right hand side of Eq. (2 – 15a). Eq. (4-1)
has been widely employed for estimation of the longitudinal dispersion coefficient in rivers and
streams (Chanson, 2004). The Ks values can also be determined using tracer dispersion tests
conducted in streams. The Adif /A and Aadv /A values are highly affected by various parameters
within bed sediments such as the pore size, hyporheic flow, and diffusivity and the parameter
values vary in a wide range. As the values of these parameters are difficult to be determined
through field experiments, the values are determined through model calibration.
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4.2 Estimation of Minimum Residence Time (Tmin)
The VART model was applied to 33 streams with a wide spectrum of spatial and
temporal scales and diverse hydraulic and geomorphic properties. It is found that the ratio of the
time to peak and the minimum residence time, Tpeak/Tmin, is very close to the recovery ratio of
tracer, Mrec/Minj, i.e., Tpeak/Tmin = Mrec/Minj, where Mrec is the tracer mass recovered at the end of
a tracer experiment and Minj is the mass injected at the beginning of the experiment.

Recovery Ratio of Tracer

1.4

1.1

0.8

0.5
0.5

0.8

1.1

1.4

Ratio of Time to Peak and Residence Time

Figure 4.1. Correlation between Tpeak/Tmin and Mrec/Minj

Figure 4.1 includes both measured data and simulated results of the tested stream reaches
excluding the four reaches of the Mississippi River and the last two stations of the Bayou
Bartholomew since they deviate from the perfect line markedly. The field data of Tpeak and
recovery ratios (Mrec/Minj) are taken from the USGS report by Nordin and Sabol (1974). Figure
4.1 illustrates that all small and moderate streams have an almost perfect correlation between the
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recovery ratio, Mrec/Minj, and the ratio of time to peak and the minimum residence time,
Tpeak/Tmin. It means that the ratio Tpeak/Tmin represents mass loss (Tpeak/Tmin < 1) or gain
(Tpeak/Tmin >1) or balance (Tmin/Tpeak = 1) during solute transport in a stream. A possible
explanation for the finding is that the mass released from the advection zone during the period of
(Tmin - Tpeak) is diffused into deeper sediment layer and lost if Tpeak/Tmin < 1 and thus Mrec/Minj <
1. Likewise, there are some additional sources that release the same type of solute before the
release from the transient storage zones starts if Tpeak/Tmin > 1 and thus Mrec/Minj > 1. Urban
streams receive discharges from diverse point and/or nonpoint sources. It is possible that some
discharges may contain the same type of solute released during tracer tests. Obviously, solute
captured in transient storage zones starts releasing back to the main stream once the solute
concentration in the main stream recedes after the peak, i.e., Tpeak = Tmin if there are no additional
sources or sinks (Mrec/Minj = 1). In fact, recovery ratios of tracer Mrec/Minj <1, Mrec/Minj >1, and
Mrec/Minj = 1 are observed in field tracer tests (Nordin and Sabol, 1974). The significance of this
finding is that the minimum residence time Tmin can be simply calculated using the relation
Tpeak/Tmin = Mrec/Minj and the data of Tpeak and recovery ratio if the data are available, providing a
simple method for determination of the parameter Tmin. Consequently, the VART model contains
only two fitting parameters Aadv/A and Ds/A for most streams and rivers, greatly simplifying the
application of VART model.
4.3 Conclusions
The following conclusions can be drawn:
(1) The VART model contains four parameters to be determined. The velocity and longitudinal
dispersion coefficient can be estimated using measured flow and hydraulic geometry data but
Adif /A and Aadv /A values have to be determined through model calibration because of wide
range in empirical values.
58

(2) The ratio of the time to peak and the minimum residence time, Tpeak/Tmin, is equal to the
recovery ratio of tracer, Mrec/Minj,, i.e., Tpeak/Tmin = Mrec/Minj. The relation provides a simple
method for determination of the parameter Tmin.
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CHAPTER 5. APPLICATION OF VART MODEL IN THE UPPER AMITE
RIVER

5.1 Introduction
While solute transport in open channel flows are normally analyzed by considering the
channel boundaries to be impermeable, natural streams generally possess permeable banks and
bed due to underlying alluvial sediments, as shown in Figure 5.1. The size of hyporheric zone is
dependent on the type of sediment in streambed and bank, the variability in slope of the stream
bed, and the hydraulic gradients in the adjacent ground water system, but the dimensions of the
hyporheic zone generally increases as the permeability of bottom sediment increases.

Figure 5.1. Amite River looking toward the Grangeville Bridge.
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Due to the medium to coarse sands with some gravel (USACE, 2000) found in the upper
Amite River, the hyporheic zone may be expected to be an important factor of controlling
retention and removal of nutrients in the Amite River. It is well known that Amite River is
supported by groundwater input at low flow conditions, and that large-scale interaction of
surface and subsurface flow systems often produces periodic gaining and losing stream reaches.
The overall goal of this chapter is to apply the VART model in the upper Amite River in
which the hyporheic exchange may be important. The strategy is to compare the VART model
results with observed tracer. Specific objectives of this chapter are therefore (1) to estimate the
parameters of VART model, and (2) to apply the VART model in the upper Amite River.
5.2 Application of VART Model
The dye test on the Amite River was conducted by USGS (Nordin and Sabol, 1974) on
October 21, 1968. Samples were collected at the four stations Darlington, Grangeville, Magnolia
and Denham Springs along the Amite River. However, the data sampled at Magnolia and
Denham Springs were not used to compare observed data to the model because abnormal
measurements were reported for these two stations. Two sampling sites were located at 10.1 km
(Darlington, LA) and 38.8 km (Grangeville, LA) downstream of the dye injection site,
respectively. Flow discharges at the two sites were 5.7 and 7.4 m3/s. The recovery ratios of tracer
at the two sites were 0.816 and 0.514. Table 5.1 shows the dye experiment results at Darlington
and Grangeville.
The parameters involved in the VART model was estimated by the methods described in
Chapter 4. The velocity values at Darlington and Grangeville was calculated using the distance
between the release site and two stations and the advective time to the downstream sampling
stations.
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Table 5.1. The dye experiment results at Darlington and Grangeville in Amite River
Darlington
Grangeville
Time since injection
Time since injection
Concentration in ppb
Concentration in ppb
in hours
in hours
11.050
11.550
12.050
12.550
13.050
13.550
14.050
14.550
15.050
15.550
16.050
16.550
17.050
17.550
18.050
18.550
19.050
19.550
20.050
20.550
21.050
21.550
22.050
22.550
23.050
23.550
24.050

0.00
4.94
13.11
24.31
37.22
46.57
49.12
44.54
38.16
31.02
23.81
18.66
15.61
13.52
11.66
10.00
8.40
6.94
5.71
4.74
3.80
3.06
2.29
1.67
0.97
0.60
0.00

46.250
47.250
48.250
49.250
50.250
51.250
52.250
53.250
54.250
55.250
56.250
57.250
58.250
59.250
60.250
61.250
62.250
63.250
64.250
65.250
66.250
67.250
68.250
69.250
70.250
71.250
72.250
73.250
74.250
75.250
76.250
77.250
78.250
79.250
80.250
81.250
82.250
83.250
84.250
85.250
86.250
87.250
88.250
89.250
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0.00
0.36
1.06
2.18
3.88
6.01
7.76
9.23
10.52
11.56
12.47
12.87
12.54
11.77
10.89
10.02
9.16
8.21
7.43
6.76
6.16
5.61
5.13
4.68
4.23
3.87
3.49
3.17
2.85
2.56
2.28
2.05
1.77
1.55
1.34
1.14
0.96
0.81
0.67
0.50
0.36
0.24
0.15
0.00

The minimum residence time Tmin estimated using relationship between the recovery ratio,
Mrec/Minj, and the ratio of time to peak and the minimum residence time, Tpeak/Tmin. For example,
the recovery ratio of tracer was 0.186 and peak concentration time was 3 hours (= 14.05 – 11.05
hours) since a concentration was detected at Darlington. Therefore, estimated Tmin was 3.68 hrs
(= 3.0 hours/0.186). Likewise, the Tmin at Grangeville was estimated by same method. Other
parameters including Ks, Aadv/A and Ds/A (1/s) was used as model calibration parameters.
Estimates of parameters for the VART series distributions are shown in Figure 5.2 and root mean
square error (RMSEs) are listed in Table 5.2.

Table 5.2. Parameter values used in Figure 5.2 for the Amite River
Parameter Reach
U (m/s)
Ks(m2/s)
Aadv/A
Ds/A (1/s)
1
0.20
8.0
0.3
-6.36E-7
VART--L
2
0.18
30.0
0.4
-5.00E-7

Concentration (ppb)

100

100

Reach 1: 10.1 km
Observed
VART--L

10

RMSE
0.21
0.31

Reach 2: 38.8 km

10
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Figure 5.2. RWT concentration BTCs observed on October 21, 1968 in two sampling reaches in
series along the Amite River and simulated using the VART model for an instantaneous dye
addition.
Figures 5.1 clearly show that tracer concentration BTCs at the upper Amite River follow
typical lognormal distributions, indicating the mass loss into deeper bed sediment layer during
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the falling period of stream concentration. This lognormal distribution may be related to coarse
sandy bottom sediments in the upper Amite River. The existence of deep hyporheic zones due to
high permeability of coarse sand bottom may make a large concentration gradient in bottom
sediment layer, resulting in mass transport to deeper sediments by diffusion processes. The
figures also indicate that the BTCs simulated using the VART model fits to the measurements
with reasonable accuracy, demonstrating the efficacy of the VART model.
5.3 Summary and Conclusions
(1) The VART model was applied to the upper Amite River and the model results showed a
good agreement with observed tracer data characterized by lognormal distributions.
(2) The lognormal distributions may be caused due to coarse sandy bottom sediments in the
upper Amite River because of high permeability of coarse sand bottom.
(3) The results also demonstrate the applicability of the VART model in the upper Amite River.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

Streams play an important role in a solute transport through a stream network. The solute
transport in streams is affected by various physical, chemical and biological processes. Transient
storage is one of the important processes that control mass exchange between main channel and
dead zones/hyporheic zones. This process increases the residence time of solute in streams,
resulting in the increase in opportunity for the solute to be affected by biogeochemical processes.
In order to take account of the effect of transient storage on solute transport in streams,
the VART model was developed. The model is characterized by several features: (1) a varying
residence time is used to represent the actual solute release process from the subsurface transient
storage zones to the surface main stream; (2) no-user specified residence time distribution (RTD)
is required; (3) there are only two parameters that need to be determined using either the eyefitting method or an optimization method for parameter estimation; and (4) the VART model is
able to produce a compound solute breakthrough curve (BTC) with the late-portion of BTCs
being essentially any type of RTDs such as power-law, lognormal, and exponential distributions
for an instantaneous release of solute.
Comparisons between the VART model and some existing solute transport models show
that (1) the VART model is capable of reproducing exponential, power-law, and lognormal
residence time distributions (RTDs) observed in streams with the accuracy higher than or at least
comparable to existing solute transport models. In addition, the VART model is also able to
generate upwardly curving solute concentration breakthrough curves (BTCs) that often occur in
small streams; (2) Stream channel size affects the type of BTCs. The BTCs switch from the
upwardly curving VART − +U and VART − 0U to a straight line (VART − -P) and further to the
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downwardly curving VART − -L distributions with increasing flow depth. Large rivers generally
exhibit VART − -L distributions. Small streams commonly display either the upwardly curving
(VART − +U and VART − 0U) distributions or VART − -P distributions. Moderate rivers may
exhibit any types of VART series distributions; (3) the ratio of the time to peak and the minimum
residence time is equal to the recovery ratio of tracer. The relation provides a simple method for
determination of the minimum residence time.
The application of VART model to the upper Amite River shows that the VART model
provides a simple yet effective tool for predicting solute dispersion and transport in natural
streams and rivers. The lognormal distributions of solute concentration in the upper Amite River
may be derived by the mass loss into deeper bed sediment layer (i.e., negative diffusion zone
area Adif ), which may be supported by the existence of deep hyporheic zones due to high
permeability of coarse sand bottom. The VART model provides a useful tool for studying the
mass transport in natural streams and rivers. In addition, although the VART model was
developed for the transport of conservative solute in natural streams and rivers, this model can be
potentially applied for the study of non-conservative solute transport in streams if the value of
the reaction rate parameter k involved in the VART model can be determined for the reactive
solute like nitrogen, phosphorus and some contaminants.
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